In evolutionary biology, bet-hedging refers to a strategy that reduces the variance of reproductive success at the cost of reduced mean reproductive success. In unpredictably fluctuating environments, bethedgers benefit from higher geometric mean fitness despite having lower arithmetic mean fitness than their specialist competitors. We examine the extent to which sexual reproduction can be considered a type of bet-hedging, by clarifying past arguments, examining parallels and differences to evolutionary games, and by presenting a simple model examining geometric and arithmetic mean payoffs of sexual and asexual reproduction. Sex typically has lower arithmetic mean fitness than asex, while the geometric mean fitness can be higher if sexually produced offspring are not identical. However, asexual individuals that are heterozygotes can gain conservative bet-hedging benefits of similar magnitude while avoiding the costs of sex. This highlights that bet-hedging always has to be specified relative to the payoff structure of relevant competitors. It also makes it unlikely that sex, at least when associated with significant male production, evolves solely based on bet-hedging in the context of frequently and repeatedly occupied environmental states. Future work could usefully consider bet-hedging in open-ended evolutionary scenarios with de novo mutations.
is the master of none"). This can also reduce fitness variance, and qualify as 49 bet-hedging if it is achieved at the cost of reduced mean fitness. 50 One prominent example that seems to have the characteristics of bet-51 hedging, but is less often mentioned in a bet-hedging context, is sexual repro-52 duction, where offspring are formed using genetic material from two parents 53 (because nature is diverse there are definitional complications and grey zones 54 regarding what counts as sex; see Lehtonen and Kokko (2014) ). Producing 55 offspring in this way, as opposed to the simpler option of asexual reproduc-56 tion, incurs costs in many different ways (reviews: Lehtonen et al. (2012); 57 Meirmans et al. (2012)). The best known cost, and the one we focus on here, 58 is the two-fold cost of males: if the offspring sex ratio is 1:1 and males and 59 females are equally costly to produce, a mother will use 50% of her resources 60 on offspring that do not themselves contribute material resources to the next 61 generation (Maynard Smith, 1978) , and this slows the growth of sexual pop-62 ulations compared with asexual ones. Consequently, sexual reproduction -63 when it involves producing males -is expected to lead to a reduction of 64 mean fitness. But on the other hand, through mixing genetic material from and Iwasa (1995) have shown that the optimal strategy can involve bet- 75 hedging under a fluctuating environment in unstructured populations, and 76 showed how to calculate the strategy explicitly for a given payoff function 77 and a given distribution of the environmental parameters. In addition, the 78 optimal bet-hedging strategy is robust against small perturbations of the 79 distribution of environmental conditions and/or the payoff function (Haccou 80 and Iwasa, 1998) . Cooperative games between kin can also help maximise the 81 geometric mean fitness of species in fluctuating environments (McNamara, 82 1995) . Furthermore, the strategy that maximises the geometric mean fitness 83 is more likely to evolve in species of non-overlapping generations compared 84 to species with substantial parental survival. In the latter case, the strategy 85 that maximises the arithmetic mean fitness is more likely to evolve (Haccou 86 and McNamara, 1998) . The review of Grafen (1999) In contrast to the conservative approach of the asexual heterozygotes, the 160 sexual population as a whole can also be seen to bet-hedge, in this case by 161 producing offspring of different genotypes. It is therefore of interest to ask if 162 sex is a bet-hedger with respect to AA, Aa, aa or perhaps all of them. The 163 comparison is more complicated than the above one, not only because sex 164 produces young that differ from each other (and thus differ in the long-term 165 growth rate impacting the original parent's contribution to the future gene 166 pool), but also because the frequencies of genotypes in the offspring of any 167 given parent depend on the genetic composition of the population as a whole 168 -which in turn depends on how selection has worked on it in the recent past: 169 a run of wet years will have favoured the A allele, dry years do the opposite. 170 We initially assume that the sexual population is always under Hardy-
171
Weinberg equilibrium (Hardy, 1908; Weinberg, 1908) and that the two alleles 172 are equally abundant. This is a strong assumption that is expected to be 173 violated as soon as selection is applied, but we nevertheless consider it as 174 a useful thought experiment, because the genetic background that an allele 175 faces is then constant across generations (genotypic proportions are always 176 expected to be x AA = 1/4, x Aa = 1/2, and x aa = 1/4). Given that only 177 females contribute directly to offspring production (males only impact the 178 genetic diversity of young she produces), the expected growth rate of the in every year (which requires that it maintains itself at the Hardy-Weinberg 182 equilibrium), and as long as s is not too large, it has performed perfect bet-183 hedging as the geometric mean now equals the arithmetic mean, which is its 184 maximum value.
185
But is this geometric mean fitness higher than that of the specialist asex- 
205
In Table 1 , the arithmetic mean decreases rapidly with an increasing pro-206 duction of males, and any primary sex ratio greater than 15.8% males leads 207 to sexuals being unable to resist invasion by any of the asexual options. Be-208 cause male presence typically leads to much higher sex ratios, sex is unlikely 209 to persist due to its bet-hedging benefits alone, at least in the simplistic 210 setting of Table 1 . hedging in the sense that the geometric mean payoff equals the arithmetic 259 mean payoff). However, in reality sex will fail to achieve this perfection, 260 because the genetic environment encountered by a sexual population will be 261 a function of past selection. There will then also be temporal variation in 262 the distributions of genotypes, and sex is likely to fail to achieve perfect bet-263 hedging. The geometric mean fitness will then drop below the arithmetic 264 mean fitness.
265
Since the pioneering work of Maynard Smith (Maynard Smith, 1971, 266 1976), Hamilton (Hamilton et al., 1981) and Bell (Bell, 1982) , it has been 267 known that the rate of temporal fluctuations can matter for the evolution 268 of sex. In our setting above, the frequency of switches between wet and dry 269 environments determines how far from equilibrium genotype frequencies will 270 deviate over time. In the following we therefore use numerical simulations 271 to show a more realistic picture of the competition dynamics between sexual 272 and asexual populations. Wet 1 − p wd p dw
in which p wd denotes the probability that the environment changes from wet 283 to dry in a year, and p dw is the probability that the environment changes (Figure 2d) Figure 3 : (a) Arithmetic mean payoffs and (b) geometric mean payoffs of the asexual homozygote (green), asexual heterozygote (blue) and the sexual population (red), computed over 500 generations when the payoffs of the asexual homozygotes follow matrix (1) and the sex ratio of the sexual population is set to s = 0.01. Symbols of different shapes represent different payoffs of the heterozygote: square, circle and triangle stand for 3.8, 4.2, and 4.6 respectively. The black dotted line is the expected arithmetic mean payoff of the asexual homozygotes, the black solid line is the expected geometric mean payoff of the asexual homozygotes, and the grey dashed lines are the expected arithmetic and geometric mean payoff of the asexual heterozygote. (c) Frequency dynamics of the sexual population and each asexual genotype under a changing environment over 10000 generations. In each panel, the x-axis is time (the elapsed number of generations), and the y-axis is the frequency of each type. All four panels are from the same instance of simulation. The heterozygote payoff is set to 4.2, and the rate of environmental change is p wd = p dw = 0.5. The simulation starts with a pure sexual population with 0.25 AA, 0.5 Aa and 0.25 aa genotypes, but each individual may mutate to being asexual if previously sexual, or sexual if previously asexual, at rate 0.0001 per generation.
A key finding is therefore that sex cannot easily outcompete asexual forms 360 based on bet-hedging benefits alone (Figure 3) . Sex as bet-hedging requires 361 conditions under which the red symbols are below the dotted line in Figure   362 3a, and above the solid line in Figure 3b . Only four out of the nine cases the geometric mean fitness of the former should be elevated above the latter.
379
Although variance reductions have a beneficial effect on geometric mean fit-380 ness, arithmetic mean fitness (which is low for sexual types) simultaneously 381 sets an upper limit for it, and hence it is not easy for sex to reach such high 382 bet-hedging benefits that its geometric mean fitness is the best of all com-383 peting strategies. In other words, the fact that sexual reproduction shows 384 features of bet-hedging is not the same statement as the claim that bet-385 hedging provides strong enough benefits for the evolution and maintenance 386 of sex. This is especially true since sex may have to compete against another 387 type of bet-hedger: that of asexual heterozygotes, which avoid paying the 388 cost of sex but may also achieve bet-hedging if their genotype performs rea-
389
sonably well under all considered environmental conditions. This highlights 390 that (a) it is important to specify that a strategy is performing bet-hedging 391 relative to another strategy, and be explicit about the identity of the rele-392 vant competitor, and (b) that it would be premature to consider bet-hedging 393 as a major driving force behind the maintenance of sex, at least under the 394 simplifying assumptions of the current model.
395
Fast and unpredictable changes of the environment have been found to 396 favour bet-hedging (Haccou and Iwasa, 1995) and facilitate the maintenance 397 of sexual reproduction (Maynard Smith, 1971 , 1976 Treisman, 1976; Hamil-398 ton et al., 1981; Bell, 1982; Waxman and Peck, 1999; Barbuti et al., 2012) Table 3 : The payoff structure under wet and dry years when the A allele fully dominates the a allele: the arithmetic mean (AMean) and the geometric mean (GMean) of the payoffs of asexual lineages, as well as of a sexual population assumed to be at the Hardy-Weinberg equilibrium.
Wet Dry AMean GMean asex-AA 8 2 5 4 asex-Aa 8 2 5 4 asex-aa 2 8 5 4 sex-population 6.50(1-s) 3.50(1-s) 5(1-s) 4.77(1-s)
The first observation is that the asexual heterozygote is no longer a bet- 
Again, we assume that different traits interact multiplicatively to deter-502 mine the final fitness, and the sexual population is under Hardy-Weinberg 503 equilibrium. 
